The combination of left bundle branch block (LBBB) morphology and QRS duration is currently used to select patients for cardiac resynchronization therapy (CRT). These parameters, however, have limitations. This study evaluates the value of QRS area compared with that of QRS duration and morphology in the association with clinical and echocardiographic outcomes in a large cohort of CRT patients.
C
ardiac resynchronization therapy (CRT) is an established treatment for patients with heart failure (HF) and ventricular conduction abnormalities. In these patients, CRT has been shown to improve exercise tolerance and quality of life and to reduce HF hospitalizations and mortality. 1, 2 However, identification of patients who benefit from CRT remains a challenge. 3 Initial guidelines on patient selection suggested QRS duration as a marker of the degree of electrical dyssynchrony and suitability for CRT. 4 More recent subanalyses of randomized clinical trials showed that left bundle branch block (LBBB) morphology has a strong association with CRT response. 5, 6 Current guidelines therefore include QRS duration and LBBB morphology to classify patients referred for CRT to a level of recommendation for implantation, as illustrated by Table  I in the Data Supplement. 7 The lower level of evidence of the recommendation for patients not having LBBB and a QRS duration >150 ms illustrates the existence of uncertainties about a significant portion of patients. Uncertainties in using QRS duration and LBBB morphology to properly identify patients who will respond to CRT may lie in caveats of the individual parameters. QRS widening may be caused by many different pathophysiological processes, 5, 8 and the value of the QRS duration depends on how it is measured, with up to 20 ms variability. 9 A disadvantage of the use of LBBB is that there are various LBBB definitions, 10 many of which consist of criteria that are sensitive to subjective interpretation.
Vectorcardiography has recently been introduced as an alternative way to assess suitability for CRT. In particular the area under the 3-dimensional QRS complex, QRS area showed a strong association with CRT response. [11] [12] [13] [14] The ratio behind this parameter is that it expresses nonopposed electrical forces, and high values of these parameters may therefore indicate dyssynchronous electrical activation. This hypothesis was confirmed in a recent study that showed that a large QRS area corresponds with delayed activation of the left ventricular (LV) posterolateral wall, independently of QRS morphology. 13 The present study was undertaken to evaluate the value of QRS area in a large patient cohort undergoing CRT implantation on clinical and echocardiographic outcome. Special attention was paid to the added value of the QRS area in patients who do not have an LBBB with QRS duration >150 ms.
METHODS
The MUG (Maastricht-Utrecht-Groningen) study cohort was used for retrospective analysis of consecutive patients implanted with a CRT device in 3 university hospitals in the . No formal inclusion criteria on LV ejection fraction, New York Heart Association, or QRS duration were set in advance. Patients were included if a baseline digital 12-lead ECG was available and if CRT was continued until end of follow-up. Patient selection, device implantation, lead positioning, as well as device and patient follow-up were according to then prevailing guidelines and local protocols. No formal optimization protocol was conducted to the patient cohort from either hospital, but was up to the discretion of the patients' physician.
Patient Population
The MUG cohort consisted of a total of 1946 patients with baseline 12-lead ECG available and continued CRT during follow-up. For the present study, we considered patients selected for de novo CRT device implantation according to current guidelines. 7 Accordingly, patients were excluded when baseline ECG showed right ventricular pacing (340 patients; 17%) or QRS duration <120 ms (114 patients; 6%). The patient selection process is shown in Figure 1 .
Baseline data were retrieved from the local hospital patient information systems. Patient characteristics like HF cause and classification, comorbidity, and medication were retrieved from patient history and referral letters. HF cause was deemed ischemic when there was clear evidence of myocardial infarction or CABG in the medical history. Device data were retrieved from specific device databases. LV lead location was judged from the fluoroscopic images or chest x-ray. The Dutch Central Committee on Human-Related Research (CCMO [Centrale Commissie Mensgebonden Onderzoek]) allows the use of anonymous data without prior approval of an institutional review board provided that the data are acquired for routine patient care. All data used were handled anonymously. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. As ongoing research and analyses on these data prohibit the release of the findings.
WHAT IS KNOWN?
• Cardiac resynchronization therapy offers great benefit to selected heart failure patients.
• Current ECG parameters for patient selection hamper further increase of the rate of patients benefiting from cardiac resynchronization therapy.
WHAT THE STUDY ADDS?
• QRS area is a new, simple ECG-derived parameter.
• In a large patient cohort, QRS area provides equal or better association with clinical and echocardiographic outcomes compared with the combination of QRS duration and morphology.
• QRS area especially improves selection of patients for cardiac resynchronization therapy without a typical left bundle branch block and a QRS duration ≥150 ms.
Electro-and Vectorcardiography
Recorded baseline 12-lead ECGs were stored digitally in the MUSE Cardiology Information system (GE Medical System) and were evaluated for QRS duration and baseline ECG parameters using the automated ECG readings. LBBB morphology was defined according to accepted criteria. 15 Including QRS duration ≥120 ms, QS or rS in lead V 1 , broad (frequently notched or slurred) R waves in leads I, aVL, V 5 , or V 6 , and absent Q waves in leads V 5 and V 6 . Patients were grouped according to the level of indication for CRT according to current guideline recommendations ( Table I in the Data Supplement).
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QRS area was calculated as described previously. 16, 17 In brief, the original digital signals were extracted from the PDF files stored in the MUSE system. Subsequently, custom Matlab software (MathWorks Inc, Natick, MA) was used to convert the 12-lead ECG into the 3 orthogonal vectorcardiography leads (X, Y, and Z) using the Kors conversion matrix. 18 
Study End Points
Patients were followed for 3.4±2.4 years. The primary end point was a combination of LV assist device implantation, cardiac transplantation, and all-cause mortality. Information was obtained from hospital records, linked to municipal registries.
Secondary end points were HF hospitalization within the first year after CRT device implantation. The cause of hospitalization was considered HF when described as such in discharge forms by responsible physicians. Data were considered missing when follow-up was not in the center where the implantation was performed.
Another secondary end point was the reduction in LV endsystolic volume (LVESV) determined by echocardiography at 6 to 12 months after implantation. LV dimensions and ejection fraction measurements were calculated by Simpsons modified biplane method. Echocardiographic CRT response was defined as a reduction in LVESV ≥15%.
Statistical Analysis
The statistical analysis was performed using IBM SPSS statistics software version 21 (SPSS Inc, Chicago, IL). Continuous and discrete variables are presented as mean±SD and counts The entire MUG (Maastricht-Utrecht-Groningen) cohort consisted of all patients with a cardiac resynchronization therapy (CRT) device implanted from January 2001 to January 2015 in 3 university hospitals in the Netherlands. For the present study, patients with QRS <120 ms and patients receiving an upgrade to biventricular pacing were excluded. Availability of data for analyses on the primary and secondary end points is also shown. FU indicates follow-up; HF, heart failure; LBBB, left bundle branch block; LVAD, left ventricular assist device; and RV pacing, right ventricular pacing.
(percentages), respectively. Dichotomous variables were compared using a χ 2 test. Continuous variables were compared using a Student t test. Overall differences were evaluated for ECG parameters and QRS area. Stratification of QRS area for presentation purposes and initial analyses was based on median values when dichotomous. QRS area was further stratified into quartiles for the purpose of evaluation of its distinctive value next to that of 4 groups, based on guideline recommendation levels by classification of QRS duration and LBBB morphology. Furthermore, patients with and without a class I guideline indication (LBBB morphology and QRS duration ≥150 ms) were evaluated separately in the same way.
Kaplan-Meier survival analyses and cumulative hazard analyses were used when appropriate to evaluate the association between electrical parameters and the primary outcome. The log-rank test was used to determine the difference in survival probabilities between groups. The diagnostic performance of the electrical parameters for identifying patients without clinical end points or with echocardiographic response to CRT was evaluated using unadjusted receiver operating characteristic curve analysis. Area under the curve (AUC) for tested variables was statistically compared using the Delong method. 19 Cox and logistic regression analyses were used to assess univariable-and multivariable-adjusted effects of ECG parameters and QRS area, on the association with the primary outcome and secondary outcomes when appropriate. Hazard ratio (HR) and odds ratios (ORs) were reported, respectively. Multivariable regression analyses included parameters known to be associated with outcome to CRT (sex, age at implantation, HF cause, history of atrial fibrillation, device type, LV lead position, baseline New York Heart Association, baseline ejection fraction, and use of a β-blocker, angiotensin-converting enzyme inhibitor or angiotensin receptor blocker, and mineralocorticoid receptor antagonist). Additional adjustment was done for interaction terms, and proportional hazards assumption was tested graphically. Comparison of continuous echocardiographic values was performed using 1-way ANOVA. Follow-up paired comparisons were made using the Tukey test. A 2-sided P value <0.05 was considered statistically significant.
RESULTS

Baseline Characteristics
The 1492 patients included in the current analysis represent a typical CRT population, with a mean age of 67 years and predominantly male (71%). An ischemic cause was present in 50% of patients and most were in New York Heart Association functional class II or III (93%; Table 1 ). Mean QRS duration was 160±21 ms, LBBB morphology was present in 78% of patients, and 15% of patients showed atrial fibrillation on the baseline ECG.
Vectorcardiographic analysis was not possible in 17 patients (1%) because of frequent extrasystolic beats. Mean QRS area was 116±54 μVs. Fifty-six percent and 23% of patients showed LBBB with QRS duration ≥150 and <150 ms, respectively, and 12% and 9% of patients showed non-LBBB in combination with QRS duration ≥150 and <150 ms, respectively (Table 1) .
Primary End Point
Information on the primary end point of LV assist device implantation, cardiac transplantation, or all-cause mortality was available in 1491 patients. One patient was Figure 2 ). The association with the combined end point was stronger in patients with QRS area ≥109 μVs compared with patients with QRS area <109 μVs ( A clearer separation in the occurrence of the primary end point was achieved when stratifying patients to quartiles of QRS area. Figure 3B Figure 3B ).
The analysis of QRS area in patients without a class I indication showed that patients with QRS area ≥109 μVs had a significantly higher event free survival from the primary end point than patients with a QRS area <109 μVs (HR, 0.51 [0.36-0.73]; P<0.001; Figure 3C ). In the group of patients with a class I indication for CRT, patients with QRS area ≥109 μVs also showed a significantly higher event free survival than those with QRS area <109 μVs (HR, 0.54 [0.41-0.70]; P<0.001; Figure 3D) .
A multivariable regression model for the entire cohort, including the combination of LBBB and QRS duration and quartiles of QRS area, showed that only QRS area remained significantly associated with the primary end point (HR, 0.75 [0.69-0.83]; P<0.001), whereas the combination of LBBB and QRS duration was not independently associated to the occurrence of events (P=0.134; Table 2 ). Also in patients other than those with LBBB and QRS duration ≥150 ms, the association with the primary end point was only significant for QRS area (HR, 0.49 [0.34-0.71]; P<0.001) and not for QRS duration or LBBB morphology (P=0.094 and P=0.671, respectively; Table 2 ).
HF Hospitalization
Data on HF hospitalization within 1 year after CRT implantation were available for 1269 patients (85%). Eighty-five (5.7%) patients had been hospitalized. In patients without a class I indication (LBBB and QRS duration ≥150 ms) stratification according to QRS area (≥109/<109 μVs) showed a trend toward lower HF hospitalization in patients with QRS area ≥109 μVs (P=0.085; Figure IIIC In the receiver operating characteristic analysis, the AUC was higher for QRS area than for QRS morphology or duration (0.62 versus 0.54 and 0.56, respectively; P=0.04 for comparison with QRS duration and P=0.01 for comparison with QRS morphology; Figure II in the Data Supplement).
In a multivariable analysis, QRS area remained the only parameter significantly associated with HF hospitalization (HR, 0.76 [0.60-0.96]; P=0.019; Table 2 ).
Echocardiographic Outcome
Paired LVESV measurements at baseline and follow-up were available in 929 patients (62%). The average reduction in LVESV was 19±32%. Echocardiographic response to CRT, defined as LVESV reduction ≥15%, occurred in 516 (56%) patients. LVESV reduction was significantly larger in patients with LBBB with QRS duration ≥150 ms compared with those with QRS duration <150 ms ( Figure 4A ). Response rate ranged from 31% in non-LBBB with QRS duration <150 ms to 60% in patients with LBBB and QRS duration ≥150 ms.
QRS area provided significant separation in the extent of LVESV reduction between all subgroups, except between quartiles with QRS area of 75 to 108 μVs and <75 μVs (P=0.223; Figure 4B ). Response rate ranged from 37% in patients with QRS area <75 μVs to 77% in patients with QRS area >150 μVs.
Stratification of patients without a class I indication according to QRS area (≥109/<109 μVs) showed that mean reduction of LVESV was significantly larger in patients with QRS area ≥109 μVs than in those with QRS area <109 μVs (20% versus 7%), resulting in response rates of 54% and 38%, respectively (OR, 1.90 [1.19-3 .03]; P=0.009; Figure 4C ). In patients with a class I indication, stratification to QRS area also resulted in significant separation of response rates (OR, 3.54 [2.38-5.28]; P <0.001) and mean reduction of LVESV (29% versus 12%; Figure 4D ).
Identification of echocardiographic responders was better with QRS area than with QRS morphology or duration (AUC, 0.69 versus 0.58 and 0.58, respectively; P<0.001 for both comparison with QRS morphology and QRS duration; Figure II in 
DISCUSSION
The main findings of this study are that QRS area alone can stratify CRT patients at least as good as the combination of LBBB and QRS duration. In the present study, QRS morphology and duration fail to differentiate CRT response in patients without a class I indication for CRT. However, QRS area proves to be an independent electrocardiographic determinant of clinical and echocardiographic outcomes to CRT in these patients. Because QRS area is a simple and objective measurement, it may be a valuable alternative measure for selection of patients for CRT, especially in those patients who do not have a wide LBBB QRS complex on their baseline 12-lead ECG.
Association of QRS Area With CRT Response
The results on the primary end point and on the secondary end point of HF hospitalization demonstrate that QRS area is stronger related to clinical outcome that QRS duration and LBBB separately. The finding of the strong association of QRS area with reverse remodeling in the present study is in line with previous studies. 11, 12, 14, 16 In a recent prospective study in 240 patients, Maass et al 14 showed that QRS area was the strongest vectorcardiography predictor of echocardiographic response to CRT that also outperformed QRS duration and LBBB morphology. Besides the support of these findings from a considerably larger cohort, the present study compares the association of QRS area to the combination of LBBB morphology and QRS duration in the way it is used in current practice.
Moreover, the present study shows that QRS area is of particular value in the group of patients that is considered to have a class IIa or lower recommendation for CRT: those not having an LBBB and QRS duration >150 ms. Among 637 of these patients, 155 had a QRS area value above the median (109 μVs) of the entire cohort. In this subgroup of 155 patients, clinical outcome was as good as that of patients with a class I (level of evidence A) indication (Figure 3 and Figure III in the Data Supplement), and echocardiographic response was close to that as well (60% versus 54% responders; Figure 4 ). These observations are supported by uni-and multivariable regression analyses, showing that QRS area is the only ECG parameter, independent of the other ECG parameters, associated to clinical as well as echocardiographic response to CRT. The 50% reduction in relative risk of clinical events and over 90% increase in relative risk of significant echocardiographic response suggest important associations of QRS area with outcome. Although QRS area provides similar separation in the subgroup of patients with a class I indication for CRT (LBBB and QRS duration ≥150 ms), results in this group are less relevant to clinical practice, as CRT will be instituted in these patients in almost every case, despite the value of QRS area.
The strong association of QRS area with CRT response may be explained by several properties. First of all, QRS area is large in the presence of strong electrical forces pointing in a dominant direction. Although QRS area depends on QRS duration, it is also larger in patients with LBBB than in those with other conduction abnormalities. 12 Moreover, a study using coronary venous electrical maping demonstrated that a large QRS area is predictive of delayed LV activation, the most important electrical substrate of CRT. 13 In that study, 1 patient with right bundle branch block showed a large QRS area and in that particular patient the LV lateral wall was shown to be activated late. Moreover, QRS area is lower in patients with ischemic cardiomyopathy 12 and, more specifically in the presence of focal scar, 19 conditions which are known to reduce response to CRT. Therefore, it seems that QRS area is a comprehensive parameter, reflecting multiple factors that contribute to the benefit of CRT. Though as reflected by the AUC values of the receiver operating characteristic curve analyses for identification of clinical and echocardiographic outcomes, QRS area is limited to identification of the electrical substrate and some properties of the myocardial disease. Clinical, and to less extent echocardiographic, outcomes to CRT are dependent on many more patient, disease, and treatment properties than the electrical substrate alone. Nevertheless, QRS area seems to improve contribution to the prediction of these outcomes compared with conventional ECG parameters.
Performance of Conventional ECG Parameters
Whereas many studies and meta-analyses have evaluated QRS duration and LBBB morphology and their association with outcome to CRT, 5, 6, [20] [21] [22] not many have evaluated their combination in the way these markers are used in current practice.
Individual studies specifically evaluating the combination of QRS morphology and QRS duration have shown significant associations with outcome to CRT for QRS duration as a continuous parameter in QRS morphology subgroups. In a REVERSE study (Resynchronization Reverses Remodeling in Systolic Left Ventricular Dysfunction) subanalysis, QRS duration as a continuous parameter was associated to echocardiographic LVESV reduction in LBBB and non-LBBB patient subgroups. This showed that in LBBB patients the reduction in LVESV was larger in patients with longer QRS duration, whereas there was no significant reduction in LVESV in non-LBBB patients, regardless of QRS duration. 5 Dichotomous evaluations of QRS duration fail to show any significant associations with outcomes. A recent evaluation by Khidir et al 23 in 973 patients confirmed the association of LBBB morphology with outcome to CRT, but showed no significant differences in QRS duration (≥150/<150 ms) subgroups within the LBBB and non-LBBB subgroups. However, an evaluation of echocardiographic outcomes to CRT from the same groups in 1467 patients showed that, although different, there was a significant correlation between increasing QRS duration and echocardiographic reduction in LVESV and increase in LV ejection fraction both in LBBB and non-LBBB patient subgroups. In this analysis, the subgroups of LBBB with QRS duration 120 to 149 ms and non-LBBB with QRS duration ≥150 ms failed to show significant differences. The stronger predictive effect of LBBB than of QRS duration, observed in all these studies, seems to be in disagreement with the results from 2 meta-analyses. These studies failed to show an independent association of LBBB to outcome in a model including QRS duration. 25, 26 This discrepancy may be caused by the use of different definitions of LBBB in the trials included in these analyses, thus probably creating variability in the non-LBBB and LBBB subpopulations.
The different results of these recent studies reveal the uncertainties in the way these ECG parameters are used for patient selection in CRT in current practice. Although QRS morphology and duration have proven valuable as individual markers of response, their combination has not. The results presented in this study add to this uncertainty. Moreover the conflicting results of previous studies may be the result of the caveats of the individual parameters. Which may be even greater when used in combination. Because of the heterogeneity of underlying causes of QRS broadening in patients other than broad LBBB, 27 strict morphological criteria may not be applicable. Furthermore, QRS duration may be prolonged because of excessive scarring or dilatation, as opposed to conduction delay in a narrow sense.
Clinical Implications
The results from the present study provide important evidence that QRS area is a valuable additional electrocardiographic parameter that can be used to improve patient selection for CRT. Like QRS duration, it can be measured as a continuous variable, whereas the var-iability in its measurement is likely to be less than in QRS duration. After all, variability in indicating the beginning and end of the QRS complex greatly affects QRS duration, but hardly affects QRS area, because its value is largely determined by the amplitude of the QRS complex.
Although some studies 11, 12 used digital ECG recordings, others, including the present study, extracted the original signals from PDF files stored in the ECG database using simple software. For future, wider application, it is possible to program current ECG equipment to automatically calculate QRS area in the way QRS duration is currently calculated. Automated QRS area calculation can be easily implemented in current ECG equipment because signal amplitudes are available, and onset and end of QRS complex are already recognized by the software. Moreover, ECG equipment currently already convert the 12-lead ECG information into a vectorcardiogram, which, however, is not frequently used in clinical practice.
Limitations
Inherent limitations because of the studies' retrospective nature are selection, referral, and attrition biases. The retrospective design of our study prohibited the inclusion of a nontreated control group. Therefore, we do not know the absolute benefit of CRT compared with nontreated patients with respect to the primary clinical end point. However, the echocardiographic response is measured using each patient as his/her own control.
Conclusions
QRS area has a strong association with clinical and echocardiographic outcomes to CRT in this large population. Because the QRS area is a simple and objective measurement, it might be an alternative measure for selection of patients for CRT, especially in those patients who do not show a wide LBBB QRS complex on their baseline 12-lead ECG.
